We experimentally demonstrate the existence of a Brewster-like broadband extraordinary optical transmission band, in a very thick metal plate with an array of slits as narrow as λ/750 in the 8-to 40-GHz regime, by measuring the transmission from normal incidence to near grazing angles and mapping out the entire angular transmission spectrum. In the case of very narrow slits, an order of magnitude larger transmission is obtained at the Brewster angle when compared to the normal-incidence Fabry-Pérot resonance transmission peaks. Full-wave numerical simulations are in excellent agreement with the measurements, paving the way for the observation of this phenomenon in the optical regime. DOI: 10.1103/PhysRevB.85.205430 PACS number(s): 41.20.Jb, 42.25.Bs, 42.79.Dj, 78.20.Ci Bulk metals are good reflectors ranging from optical frequencies to dc. However, opening an array of subwavelength apertures in an otherwise opaque metal screen can dramatically change their response at the subwavelength scale, leading to the generation of surface plasmons and extraordinary optical transmission (EOT). The demonstration of EOT through subwavelength apertures in metal screens 1 has stimulated great theoretical and experimental interest in understanding light interaction with corrugated metals, from the optical 2 to terahertz 3 and microwave frequencies. 4 There are a number of physical mechanisms that contribute to this phenomenon: in the case of one-dimensional (1D) metallic gratings, the extraordinary transmission can be attributed to plasmon excitation and cavity or Fabry-Pérot (FP) resonances for p-polarized incident radiation. While the angular dependence of extraordinary transmission and surface-wave generation has been analyzed both theoretically and experimentally, most studies have been limited to incidence angles below 60
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• , with the emphasis toward the plasmon wave dispersion relation. Recently, Alù et al. theoretically predicted a new extraordinary transmission phenomenon that, unlike cavity and plasmon resonances, which are frequency selective, is ultrabroadband but angular selective. 5 Independently, a similar phenomenon has also been predicted theoretically in the infrared based on spoof surface plasmon excitation, where a nearly flat high transmission band was predicted near grazing angles. 6 In Ref. 5 , this effect has been associated with the equivalent of Brewster transmission for subwavelength gratings. In bulk lossless media, the Brewster angle is usually defined as the angle at which light is perfectly transmitted (zero reflection) for p-polarized radiation, satisfying the usual condition: tan(θ B ) = n, where n is the index of refraction. 7 In general, a simple closed form expression for the Brewster angle for lossy media is more difficult to define, but for metals a pseudoBrewster angle may also be defined as cos(θ B ) = 1/ |n|, at which absorption is maximum and reflectivity is minimum (but not zero). 8 At microwave frequencies, the minimum in the reflectivity of metals occurs at an angle of nearly 90
• with a reflectivity of about 20%. 9 As described above, the introduction of periodic subwavelength slits in this type of metallic screen can restore perfect transmission and zero reflection for p-polarization at the plasmonic Brewster angle. In the limit of a perfect metal, each slit supports a transverse electromagnetic (TEM) mode, and the Brewster angle assumes the particularly simple condition: cos θ B = w/d, where d is the grating period and w is the slit width. 5 This Brewster-like response holds true for an extremely wide range of frequencies, ranging from dc up to the frequency for which higher-order diffraction orders arise due to the grating periodicity. We also note that metallic gratings having narrow slits have been proposed as a metamaterial with a high index of refraction. 10 In this case, the subwavelength metal grating is replaced with a homogenous dielectric slab of effective refractive index n eff = d/w and thickness l/n eff , from which an effective Brewster angle follows from the standard definition for p-polarization, i.e., tan θ B = n eff = d/w, consistent with the observation of a Brewster angle transmission band discussed in this paper.
In this paper, we experimentally demonstrate the existence of ultrabroadband Brewster-like transmission through a thick subwavelength metallic grating with slits much smaller than the incident wavelength (λ/750) from X-band to Ka-band (8-40 GHz). At microwave frequencies, plasmonic effects arise inside these slits, due to their extreme subwavelength features, comparable with the metal skin depth. This proof-ofconcept experiment may be, therefore, directly translated to infrared and optical wavelengths. Microwave measurements have been essential in the experimental demonstration and proof of concept of a number of important recent applications, such as photonic band-gap materials 11 and negative index metamaterials, 12 to pave the way to their realization in the optical regime.
Using an rf Agilent (E8363C) vector network analyzer, the zeroth diffraction order transmitted through the grating was measured from 8-40 GHz. Two set of linearly polarized horn antennas were used 8-18 GHz and 18-40 GHz. The experimental setup and a close-up sketch of the grating are shown in Fig. 1 . The horn antennas were sufficiently placed away from the sample to ensure far-field radiation. However, due to the limitation of the testing area, perfect incident plane waves could not be achieved. The amplitude of the zeroth diffracted order was then measured by rotating the sample from 0 to 85
• . Radar-absorbing material was wrapped around the sample to minimize any diffraction effects around the sample. The metallic grating was constructed using ∼300 extruded aluminum flat bars 0.3175 × 2.54 cm. Spacers were used to achieve subwavelength slits as narrow as 50 μm. The first grating was constructed using w = 1.5 mm spacers with a grating period d = 4.7 mm and the incident wavelength in the range 0.75 to 3.75 cm (frequency range 8-40 GHz). The open area was approximately 32% with a slit size corresponding to λ/25 at 8 GHz. The effective Brewster angle for these set of grating parameters is expected at θ B = cos
• . Rayleigh-Woods anomalies, 13, 14 arising at the onset of higher diffraction orders, are expected around 64 GHz at normal incidence. The measured transmission data in decibels as a function of angle of incidence is shown in Fig. 2(a) . Calibration was done by taking a reference measurement without the sample. Here, the onset of the first diffraction order is cutting through the transmission bands above 30 GHz. Nevertheless, it can be seen that a high transmission band is obtained around 70
• for all considered frequencies below 30 GHz, as expected. In Fig. 2(b) we show full-wave simulations based on the Fourier modal method (FMM) 15 for the same grating parameters, in excellent agreement with • , and they dominate the transmission spectra of Fig. 2 as horizontal pass bands, with a transmission peak in the range of 80%. As the incidence angle is further increased, a new high transmission band is found around the expected plasmonic Brewster angle ∼70
• , spanning the measured frequency range in perfect agreement with the theoretical predictions in Ref. 5 , and producing a vertical passband with transmission levels above 90%. Measurements for s-polarization were performed to verify the polarization selectivity of this phenomenon and ensure that there was no radiation leakage around the sample, particularly at steeper angles. We find that at all frequencies and angles the transmission was less than −30 dB for s-polarization. In addition, the grazing angle high transmission band was also verified by placing an aluminum foil at the back of the grating sample, where no high transmission was observed.
In order to show the dependence of the plasmonic Brewster angle on the filling ratio, we have constructed another grating with slit width w = 400 μm and period d = 3.2 mm, resulting in a filling ratio of 10% and slit size on the order of λ/100 at 8 GHz. In this case, the plasmonic Brewster angle is expected at around 80
• . The measured transmission data is shown in Fig. 2(c) , highlighting a clear vertical passband associated with the plasmonic Brewster angle. It is also evident that, as the slit size is narrowed, FP resonances become narrower with a higher contrast ratio, but the bandwidth of the Brewster transmission is not affected. Full-wave simulations shown in Fig. 2(d) are again in good agreement with the measurements.
An important question is how narrow can the slits be made and still realize a high transmission ultrabroad passband at the Brewster angle? At microwave frequencies, a metal is generally considered a perfect conductor, and metallic slits usually guide a TEM mode with wave number equal to the one of the material filling the slit (free-space here). However, this assumption is no longer valid when the slit size approaches the characteristic skin depth. 16 This skin effect is particularly relevant in terms of additional losses and absorption.
To verify this extreme scenario, we have constructed and measured a third grating with w = 50 μm (λ/750 at 8 GHz), for which the filling ratio is only 1.6%. The corresponding transmission measurements are shown in Fig. 3(a) . At normal incidence, the FP transmission bands are significantly affected when compared to the case with 400-μm slits, since the skin depth plays a significant effect in this extreme scenario. Even here, however, Brewster-like transmission is verified with significantly higher levels of transmission (70%) than at FP resonances (6%), corresponding to an enhancement of an order of magnitude. The full-wave simulation, using COMSOL finite element software, taking into account the finite conductivity of aluminum, is shown in Fig. 3(b) , which is in good agreement with the measurements. As the filling ratio becomes smaller, the angular spread of the Brewster transmission band becomes narrower as well and becomes very close to grazing angle. This makes it more difficult experimentally to resolve the Brewster • and (c) and (d) 80
• incidence confirms the dependence of the Brewster angle on the grating filling ratio. The measured and simulated data are in very good agreement.
angle band. Nevertheless, the vertical high transmission band at the Brewster angle is clearly seen spanning the entire frequency range. To further elucidate this result, we show in Fig. 4 the simulated absorbance spectrum, showing that at normal incidence, losses are quite significant (∼50%), due to the high Q factor of FP resonances in this extreme case, whereas at the Brewster angle a high transmission-band is preserved with minimal loss and reflection. This effect is a symptom of the different physical mechanisms involved in classic EOT transmission and in Brewster-like anomalous transmission. In the first scenario, the field is transmitted building up in the steady state after a series of multiple reflections at the highly mismatched entrance and exit faces of the grating, which effectively form a resonant cavity. In contrast, Brewster-like transmission is achieved due to an anomalous impedance matching phenomenon, for which the impinging wave, independent of the frequency of excitation, "feels" the same impedance in vacuum and inside the slits, avoiding any reflection at the entrance and exit faces of the grating, regardless of the grating thickness l. 5 This feature is particularly relevant to realize efficient sensors and absorbers, as extracting energy from the system largely affects any resonant mechanism, like FP transmission, but would only weakly affect the Brewster-like matching phenomenon described here. The robustness of the Brewster transmission is particularly remarkable in our experimental results, considering that stock aluminum bars were utilized, without polishing or special machining.
The existence of zeroth order broadband extraordinary transmission is valid as long as the incident wavelength is longer than the grating period, and it does not couple with higher-order diffraction orders. In principle, it is possible to extend the frequency band of the Brewster-like transmission from the rf to optical frequencies by reducing the period and the corresponding slit size. 5 In conclusion, we have experimentally demonstrated a plasmonic Brewster effect, showing that a thick metal grating can exhibit ultrabroadband, nearly perfect transmission at the plasmonic Brewster angle. We have shown that, by changing the filling ratio of the grating, the Brewster angle can be tuned, allowing the possibility to engineer artificial materials with effective electromagnetic properties. In addition, we have shown that this ultrabroadband mechanism is much more robust to losses and absorption than regular resonant mechanisms for anomalous transmission. Excellent agreement with numerical simulations suggests that this phenomenon can be directly scaled to higher frequencies, including the optical regime, paving the way to new device applications based on ultrabroadband Brewster angle extraordinary transmission and light concentration. Radio-frequency and optical applications include broadband polarizers for polarimetric imaging, angular selective band pass filters, Brewster angle polarizers and windows for ultrashort pulses, and broadband energy concentrators. Following similar concepts, these results may also be relevant for grazing-angle infrared spectroscopy, as well as grazing-angle microscopy. We expect that these results can be extended to a two-dimensional geometry, for example, for an array of metallic tiles. While we have mainly discussed this phenomenon for electromagnetic waves, the recent demonstration of enhanced cavity-type transmission bands in 1D metal gratings in the acoustic regime 17 allows the possibility to extend the current results into acoustic regimes as well.
